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ABSTRACT

In COp-laser interaction with matter most of the abscrbed
energy is initially channeled into a hot-electron distribution.
Im many cases, resonance absorption is thought to be the
dominant mechanism producing this distribution. Stimulated
scattering may also play an important role.

In the coronal region of the Tlaser plasma, hot electrons
suffer losses that fall into two basic catcqories. First, hnt
electron energy is used in the sheath to accelerate fast ions.
In some cases this can be a very.efficient process. This is an
important interaction, since some ICF concepts use energetic
ions as the drive mechanism. The other coronal-loss mechanism
is the loss of energy to cold electrons through the draving of a
return current, Some aspec*s of the absorption and coronal loss
prncesses will be illustrated by experiments on laser-irradiated
shells,

Experiments on both axial and lateral enerqy transport and
deposition in spherical tlargets are deseribed, A variety of
dianostics have been used to measure hot-clectron transport and
deposition including bremsstrahlung and inner -shell radiation
and  soft - x-ray  temperature measurements. Self-generated
electric ana maanetic tields play an important role in  the
transport and deposition of the hot electrons, In some cases
distinet patlerns of surtace deposition consistont with magnetic -
Gield configurations have been observed,
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I. INTRODUCTION

In this paper we report progress toward understanding the
absorption and subsequent partitionina of CO» laser energy
incident on solid targets. The efficiency of absorption of
laser light and its subsequent partitioning into useful forms
such as fast ion eneray is, of course, crucial to the evaluation
of any particular laser for its ICF potential.

We presently believe that all of the absorbed CO» 1asYr
energy must initially reside in a hot (> 50 kev at I > 1015
W/cmé¢) electron distribution. We thus deal in Section [ with
the not electron generation (CO, absorption) mechanisms., In
Section 11, we discuss the results of absorption measurements at
moderate to high intensity, After absorption, we nroceed to the
next mest direct interaction, the exchange of hot electron
energy with fast ions. In Section I1l, fast ion measurements
are discusssed. The role of magnetic fields in fast ion
generation is discussed in relation to experimental results.
Finally, we deal in Section IV with the transport and deposition
of the remaining hot electrons and the picture of overall enerqgy
balance. Onze aqain self generated magnetic fields play an

important role. X-ray imaqing indicated distinct signatures of

magnetically mediated transport patterns,
Some of the important elements of receni progress are:

1. A new persnective on ahsorptiTn (and _hot electron gencra-
tion) at high intensity (> 1019 w/em?).

7. Measurement of hiah enerqy conversion to fast ions in a
variety of  taract confiagurations and the eHect  of
maonetic tields on this conversion,

3. Observation of non ditfusive Tateral onerqy  transport
due to selt generated magnetic fields.

4. Consistent overall everay batance/partitioning in high
intensity experinents,

1. LASEROARSORPTION AND HOT TLECTRON GENIRATION

The primary diagnostic ot absorbed Tawer enerqy (on the
Heliow B beam €05 Janer system) is an array ot plasma/x ray
calorimeters, These devices record the total don and  x.ray
cnerqgy prodoced by the targe! interaction {(whilc rejecting seal
teved 00 Jight), These  catorimeters have Loeen calibreated,
boto electrically and with accelerator produced ion beams,



A substantial number of these devices are placec¢ in strategic
locations so that angular variation of the ion blowoff can oe
determined, Filtered counterparts of the total energy
calorimeters are used to assess the energy in fast ions.

In Table I, we show the results of a typical absorption
study. Shells 300 um in diameter coated with various materials
were irradiated at surface focus (I = 1016 wyem2). The gold
shells were also irradiated at defocused conditions (] ~ 5 «x
10l w/cmz). There is no variation in total absorpiion with
target mat rial. There was, however, a considerable variation
in absorption with ftocal conditions (and correspordingly with
flux density). '

TABLE 1

Absorption for 300 um targets is high,
independent of target material.

TARGET ABSORPTION
(300 um DIAMETER)
GMB H8%
SURFACF SMB WITH 20 um CH H8 %
FOCUS
GMB WITH 3 wm Au 57 %
DEFOCUSED GMB WITH 3 um Au 36 %

500 ym
GMB - GLASS MICROBM 1 O0ON

The high absorpltion al high intensity is quite encouraqing
for 1CH applications. [t is possible thit this hich absorption
may be explained by o recent caleculation of resonance absorption
at. high  intensity. This  picture predicls deformation and
rippling of  the critical  surface that rvesults  in enhancod
absorption and hiaher hot electron temperature,

With appropriate  underdense  olasma  conditions,  Raman
sedltering  may  compete  with  critical  surface  ansorplion,
Fxperiments are planned in the near futre to better detine the
underdense plasma conditions in typicel COs target conf iqura.
tions. 1t is possible that the Dwer absorption at defocused
conditions may alvwo be due to an enhancement of sade scatter.



In Fig. 1, we show the scaling of absorption with focal
conditions for two diameters of shell targets. For the defocus
ccnditions shown in Fig. 1, the f/2.4 focused laser beams are
transl.' 4 the indicated distances beyond surface focus. There
is some dence that the difference in total absorption fer the
very lar taryets is due to pocrer angular coverage by the
calorimet. array (jons emitted back toward the focusing optics
and not co iected by calorimeters). The pronounced variation in
absorption v th focal conditions, however, remairs.
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The temperature of the hot electron spectrum generated by
the ahbsorptiion processes is also of qreat importance to the
determination ot target coupling efficiency and preheat The
primary diagnostic of Ty, is the hard x-ray spoctrum.P The
Fard x-ray bremsstrahlung spectrum provides a “transported"
indicator of Tpotv since most of these long mean free path
electrons radiate at significanlt distances from their point ot
origin near the critical surface (stopping in  the high density
reaions of the target).  The source hot electron temperature
(implied by the bremsstrahlung measurement) is usually inferred
from the resulls ot hydrodynamic or particle code simulaticns,
These simulations are often run so as to match the observed hard
x-ray spectrum.  The hot eacctron source temperature needed for
this replication i< then  determined, This operation, for
oxample, takes inte account the enerqgy loss to fast dons and the
effect of this loss on the hard x.ray spectrum,

In (€0 interaction  experimments, the  hot  electron
temperature observed in the above way scem qenerally higher than
can be explained by the usual pictare of resonance absorption,d
In Fig. 2y we show experimental measurements of  Tyop (x-ray’
as a4 function of laser iniensity on target.  Caleulations o
Thot by the usual resonance abusorption tormulation would fmply
A Tower  Tpgy o than observed, In additfon, the wealing with



intensity 1in the recion > 1015 w/em?  is stgep than
anticipated (between 10-4 and 10-5),  The line in
Figq. 2 seems to r'fresent the best fit to sca]ing in the reqion
of I > 1015 W/cm It is drawn through the entire rann. for
reference only and is not meant to imply a constant slope
throughout the intensity range. There are several possible

explanations for higher Thots:

§ This Work
A Kephort, Godwin, McCall (1974) H
8 Enright, Richardson, Burnett (1979)
100}-° Stenz etal (1977)
% // \IO'SJ A .,
x 7 Fig. 2.
~ /AA 1
E 1o} I Tyot (x-ray)
b Loa " as a function
- Py of laser
o;," irradiance
o
i
el i
-]
N S N S L
o 10'2 10'3 1014 1013 106 107
I(w/cm?)

1o Tegig may he higher tharn previously thought,

Pesuits  trom recent particle  simulations  (the  new
resonance  abhsorption calculation mentioned  above) show higher
Thot.  the higher Ty may be due in part to an enhancement
of Tegtd dur o an electron two-stream inntability between the
inw.n‘d streaming  het electrons and  outward  {lowing  cold
clectron, The wealing ol 'Ih“' vhop ld bes ]” " (]A;‘-'(-)()':L'”'!).

A hidher T could thus possibly account. for obcervalions,

doo Faman o seatterinag vemains a o strona possibility  even
though  ontical meesurements made at Loy Alamos  indicate very
Pittle w, /2 or 3wp/d light emitted  from the targei plasma,
Measuremenis are needed to bhetter characterize underdense plasma
conditions  (addressing  the Raman question) and 1., ", must
thus be recognized that the high absorption observed at high
intensity may  also be o companied by very high  temperature,
this may have positive implications for tast jon generation, but
be negative from the point ot view of preheat.,



III. FAST ION MEASUREMENT AND THEORY

The calorimeters described in Section Il are also used to
measure the energy in fast ion expansion. To perform this
m~asurement they are filtered with thin metal foils (which
typically pass 100 keV protons). As with total energy
measurements, the anqular distribution of the fast ions s
determined by an array of calorimeters (in this case filtered).

In Table IT we show the fracton of absorbed energy in fast
ions measured on the same targets as in Table I. Large fast ion
fractions are observed for tight surface focus conditions. The
total conversion of laser enerqy to fast ion erergy approached
40%. The fraction 1is reduced at defocused conditions. This
reduction may be due in part to a lowering of the energy of some
of the ions below the calorimeter filter cutoff. Very Tlittle
variation in fast ion fraction with the wall thickness of the
shell is measured.

TAB'E 11

Fast Jon Fractior For
Various Shell Targets.

Target Fast Jon
(300 ym Diameter) Fraction
( 'of Absorption)

! GMR €5%
SURFACE GMB WITH 20 um CH 587
FOCUS
GMR WITH 3 uym Au 627
DEFOCUSED GMB WITH 3 um Au 43"
500 um

The mechanism for tioe ceneration of fast ions is intimately
tied to self aqenerated maanetic ficlds. Recent calculations
have revealed many interesting aspects of these fields. In some
cases, hot electrons are confined to the coronal reqgion of the
plasma for much longer times than they would be without the
fie'ds.  This dmplies a longer period of interaction with the
plasma sheath and higher conversion to fast ions.

Come interesting aspects of fasl ion conversion are illus-

trated by studies of the irradiation of shells of varying thick-
ness.  In the simple model to fast jon acceleration, hoi

O



electrons make one or more bounces off the sheath giving up

~ 2 \/TEIA)(me/mp) on each encounter.® As the thickness
of the targaet increases, the energy loss in dense material goes
up and fewer bounces would be expected to occur. From this
picture one miaht expect higher conversion in thin targets,
Filtered plasma calorimeter experiments, however, show little
variation with thickness.

Magnetic field modeling shows that for thick targets the hot
electrons are confined by the field to the coronal region
causing a significant interchange with ions, while reducing the
eneray loss in the dense material.

“or thinner layers of material, the multiple bounce model
may be more appropriate. In this case, electrons can penetrate
the dense material of the taraget and more uniformly heat it.
This tends to break up the magnetic field pattern permitting the
simple bounces off the sheath to occur. In the section below,
we will present evidence for the breakup of the magnetic field
patterns in thin targets.

lLet us consider a simple example of a 1 ym wall gold shell
irradiated sc that the hot electron temperature is abnut 120 keV.
The loss/bounce from the sheath is ~ 2 ./ (Z/A)(me/mp) ~ 0.045
Accounting for collisional 1loss 1in dense material, sheath
velocity, and core decoupling, about 8 bounces would occur.
This would give a fast ion fraction of 0.36 and about 0.40 is
observed. In the thin walled case, the simple picture is thus
numerically consistent with observations.

In summary, the conversion ot laser enerqy to fast ion
expansion can be a very efficient process. C0, laser
accelerated jons may prove very useful in testing ion driven ICF
concepts.b

IV. HOT ELZCTRON TRANSPORT AND DEPOSITION AND ENERGY BALANCE

Hot electrons qenerated near the critical surface seem to
t-ansport and deposit their eneray in a rather complicated way.
In most cases the trancport is stronaly affected by self
aenerated electric and magnetic fields., These fields affect not
only the spatial distribution of energy, but the overall cnerqy
balance (such as the partilioning of enerqy into fast ions). We
deal first with deposition aad overall energy halance and then
with <ome characteristics of the spatial distribution of
deposition.,

Hot electron transport and deposition have heen
experimentally  diagnosed  with  x-ray imaaing ani  spectral
measurciaent.s and with charged sarticle spectral and calorimetric
measuremont.s,



The hard x-ray spectrum is measured with a 10 channel foil
filtered detect~r arreay. This instrument covers the spectral
range from 30 keV to 1 MeV.

The hard x-ray (bremsstrahlung) temperature and yield are
taken as indicators of hot electron energy that_is cnllisionally
deposited, It was shown by Bethe and Heitler/ that the ratio
of collisional to radiative losses is given by:

(dE/dx)RAD  EZ (1)
“{dE/dx)TOLL = 800 °

where £ is in units of MeV. This general proportignalty between
collisional and radiative losses is confirmed by measurements on
targets that are thick to the electron energies involved.
Integrating over a Maxwellian distributon gives an approximate
relationship between the ratio of hard x-ray yield to Thot and
collisionally deposited electron energy:

Y -
oLl = r- 1/(1078 (1 + n/2)), (2)

where n is the dimensionality of the Maxwellian distribution and
Ty = hot eiectron temperature. This is the same formula that
is empirically derived from thick target bremsstrahlung
experiments,

A more careful analysis of bremsstrahlung using recently
available <cross sections is underway. The pireliminary
indication 1is that Eq. (2) gives an overestimate of the
collisional energy loss.

Bremsstrahlung doc. not measure non-collisional Tlosses.
Stopping of fast electrons by loss to collective osrillations
could be very important.10

In the first three columns of Table III we show the results
of hard x-ray measurements on a laser irradiated qold shell (the
values tabulated are averages over 6 laser shots).

TABLF TII

Collisional

Wall Thot Deposition T Soft Soft X-Rays
Thickness Implied By X~Rays (50 cV-2 keV)
(um) (keV) Hard X-Rays (J) eV Yield (J)

~ 10.0 200 352 (0.075) 134 200 (0.047)

8



The third column in Table III uses the simple approximate
formuia given in Eq. (2) and assumes a 3 dimensional Maxwellijan.
Also shown in this column, in parentkesis, is the collisional
deposition as a fraction of incident laser energy.

Hard x-ray emission <amples electrun deposition in deep
layers of the shell. Soft emission, on the other hand, samples
deposition in a thin layer near the surface of the target. The
thickness of this “iyer is approximately one absorption length
or around one micron in the case oY go]d.l- In the last two
columns of Table III, we show the results of soft x-ray
measurements (coverinag the spectral range 50 eV to . keV). The
temperature is obtained by fitting a blackbody spe:trum to the
outputs from a 7 channel! (broadband foil filter) soft x-ray
detector. These temperatures and the integrated x-ray energy
can be used to estimate the total deposition in the shell by
comparisons with overall hydro modeling of the interaction.

Combining the x-ray measurements with calorimeter results, a
picture of the overall energy balance begins to emerge. This
balance is indicated in Fig. 3. About 675 J is not directly
accounted for experimentally for the same case as that
illustrated in Table III.

FAST IGNS
2 8%J 780 J ¢+ 7 X-z%lg?
SCATTERED (7‘2' 4 (285 J)

/]

—»COLLISIONAL

" 1.9 kJ ABSORBED DEPOSITION
LASER 4T kI INTO SUPRATHERMAL\ OF ELECTROSINFJTOE%% Ao
ELECTRONS (17 J) |\ 352 J (445J) TR

E-J,NO EXPERIMENTAL
MEASUREMENT, (518 J)

{ ) RESULTS OF HYDRO
MODELING

Fig. 3.
Fnergy balance in Cds laser irradiated shell.
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Figure 3 also contains the results of hydro code simulation
of the same (average) laser shot. The hydro simulation results
in parenthesis are compared with experimental values averaged
over 6 laser shots. The simulations were performed by adjus’ing
the hot electron distribution so that the bremsstrahlung
spectrun matches that observed in the experiment. The agreement
between theory and experiment is reasonably good. More refined
experiments and simulations are, however, required to recduce the
descrepancy in deposited (and potentially useful) energy.

There are several possibilities to account for the energy
not accounted for experimentally: (a) fast ions not measured by
the calorimeters (e.g., protons below 100 keV),- (b) a lower
component (or components) of Thot that collisionally deposit
such that the correspending bremsstrahlung is not observed, and
(c) return current loss of hot electron energy to the cold
distributior (£-J Losses).

Ex; >riments have recently becn undertaken to nelp ancwer the
question of a Jlower component (or components) of Tpge. A
crystal spectrograph as been constructed that covers the range
of 4-23 keV. A spectrum produced by this device is shown 1in
Fig. 4. This shot represented about 5 kJ of C0p laser light
incicent oni a gold shell (2000 um diam, 10 um thick wall). The
20 keV distribution has an upper bound of 2 J of total energy.

T T T T T ]
0.0} \\\ '
n
= i
St
> |
w Fig. 4.
> sok 4 4-26 keV X-ray
T T~ 720 keV spectrum from
o - a C0p laser
@ irradated gold
25 . h shell,
\ 1 1 1 1
°o 4 8 12 16 20 24
X-RAY ENMERGY (keV)

Here one carnot use the simple formula given in [q. (2) for the
interprevation of collisional deposition. This is because at
these lower energics the absorption of the radiation and severe
alteration of the electron spectrum in thin layers necessitate
Fairly complex modeiing as described below. Qur approach toward

10



this very preliminary infoermation has been to attempt to
reconcile the data with the results of hydro code simulations.
Thus far, only a small amount of the absorbed energy can be
placed in the =~ 20 keV distribution and still reproduce
acequately the hara and soft x-ray measurements (such as those
described above).

In the remainder of this secltion we deal with some of the
spatial characteristics of hot electron transpurt and deposition.

In addition to fast ion production, self generated magnetic
fields have importart effects on energy transport., The most
prominently cbservable effect is the non diffusive nature of
lateral transport.

The recently developed 2-D, implicit electromagnetic
simulairion code VENUS calculates the self consistent magnetic
fields and the resulting energy tranport. Onc: of the results is
that many of the hot electrons remain confined to the region
around the focal spot. The remainder are transported
considerable distances from the spot. One such calculational
result is indicated in Fig. 5.

0.15 — .
Fig. 5.
Integrated enerqy
- transport across
olo— > = the back of a foil
- as a function ot
l § | “1sition on the
| = AT 0il.  The dashed
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‘ ;7 e B = 0 an1 the
' Y S ,j solid line tn
SO Y B £ 0.
,«M._ﬂ-/_L Mo S
00 ¥ . . 00 600
Y}

Lateral transport across the back of a liser irradiated foil is
calculated with asa without magnetic fixlus. In Fig. b, we show
experimental cvidence of the same phenomena. Two iaser spots
incident on a qold disk are separated by 1 mm. The electron
deposition pattern is diagnosed by 1-2 keV x-ray naging. The
observed deposition region corresponds to  Lhe interference
pattern predicted by the 2-D rransport moded,
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Fin. 6.
1-2 keV x-ray imaqe produced by two laser
irradiation spols separated by 1 mm.

In Fia. 7, we show the lateral deposition vattern on shells
of varying thickness, Ay discussed in the scction on ra-v jons,
the magnetic ficld pattern is disrupted in the tain walled
case.  This gives further confirmation Lo the overall picture of
cnerqy Lransport and fast ion production.

Fxporiments have been rvecently undertaken to measure axial
transport using K radiation, e targets are compesced  of
shells  of Ke radiating materials, such as copper and nickel,
Prelminary  results  from  these  experiments  indicate o higher
deposition in the outer Tayers than would be predicted using the
hard x-ray measurements as the normalization, This may indicate
supr.thermal flux timitalion,



Fig. 7.
1-? keV x-ray imaqus of the laser irradiat nn ot gold
shells of varying wall thickness.

CONCLUSIONS

Calarimeteric  measurements have  demonstrated  high €Oy
laser absorplion at high intensities, This absorplion and its
corresponding Ty, i consistent with recent caleulations of
resonanl absorption,

High efficiency of conversion of laser energy to enerqetic
ions has been measured.  New modeling techniques involving self

consisten: R fields calculate correclly many aspects of  hot
clectron coupling Lo fast iors.

Stronga  experimental  evidence  tor non-diffusive  fateral
transport ot hot electron enerqy has bHeen presented,

X-Ray and calorimetric wmeasurements  ave a qood  overall
picture of faslh electron enerqy partitioning.  In many respectls,
these weasurements agree with hydrodynamic simulat fons,
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